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Spin triplet superconducting state due to broken inversion symmetry in Li2Pt3B 
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We report ^'^B and ^^^Pt NMR measurements in non-centrosymmetric superconductor Li2Pt3B. 
We find that the spin susceptibility measured by the Knight shift remains unchanged across the 
superconducting transition temperature Tc- With decreasing temperature (T) below Tc, the spin- 
lattice relaxation rate l/Ti decreases with no coherence peak and is in proportion to T'^. These 
results indicate that the Cooper pair is in the spin-triplet state and that there exist line nodes in the 
superconducting gap function. They are in sharp contrast with those in the isostructural Li2Pd3B 
which is a spin-singlet, s-wave superconductor, and are ascribed to the enhanced spin-orbit coupling 
due to the lack of spatial inversion symmetry. Our finding points to a new paradigm where exotic 
superconductivity arises in the absence of strong electron-electron correlations. 

PACS numbers: 74.25.Bt, 74.25. Jb, 74.70.Dd 



In most superconducting materials, there is an inver- 
sion center in the crystal which guarantees the parity 
conservation. In conventional superconductors, such as 
Al, where the Cooper pair is formed by the attractive 
force produced by lattice vibration, the orbital wave func- 
tion (OWF) of the Cooper pairs is in the s-wave form. 
Since an electron must obey the Fermi statistics, the two 
spins of such Cooper pair must be in the singlet state. 
This is also true in most strongly correlated electron sys- 
tems such as high transition-temperature (Tc) copper- 
oxides cobalt oxide Naa;Co02-l -31120 [3] and many 
heavy- fermion compounds (sf, where the OWF is also 
symmetric although it has nodes (zeroes). In contrast, 
if the OWF is asymmetric about the origin with nodes, 
e.g., a p-wave function, the Cooper pair must be in the 
spin-triplet state. Such pairing state is realized in su- 
perfluid '^He 0] and also believed to occur in strongly 
correlated electron superconductors UPta Sr2Ru04 
and (TMTSF)2PF6 0. 

However, when a superconductor lacks a crystal inver- 
sion center, the above-described rule (parity conserva- 
tion) is violated due to the asymmetric spin-orbit cou- 
pling (SOC), and the pairing symmetry becomes non- 
trivial Ell- 
in this Letter, we present NMR (nuclear magnetic 
resonance) evidence that increasing the strength of the 
SOC drastically changes the electron pairing symmetry in 
non-centrosymmetric superconductors Li2Pt(Pd)3B. The 
perovskite-like cubic compounds Li2Pd3B and Li2Pt3B 
are sup er conducting at Tc ~ 7 K and ~2.7 K, respec- 
tively [ll [H . The inversion symmetry breaking effect 
is much larger compared to known compounds such as 
CePtsSi (Ref.|l3]); all the elements, including the heavy 
element Pt(Pd), are located in non-centrosymmetric po- 
sitions, while in CePtsSi the main effect comes from 
non-centrosymmetric Si which is a much lighter element. 
Also, in CePtsSi or Ulr (Rcf. [15]), the correlated /- 
electrons play a major role in determining the supercon- 



ducting properties 3, 17 1; note that the 4/" analog of 
the former compound, LaPtaSi, is a conventional super- 
conductor [18]. However, there are no electron correla- 
tions in Li2Pd3B [l^j Eyl, which turns out to be also 
true in Li2Pt3B (see below). Li2Pd3B is a spin sin glet , 
s-wave superconductor as we reported previously [19| . 
In Li2Pt3B where the SOC is much stronger. Yuan et 
al suggested very recently that their magnetic penetra- 
tion depth data can be interpreted by an extended s- 
wave, spin-triplet model [2l|. Here we present direct ev- 
idence from the measurement of spin susceptibility that 
the Cooper pair is in the spin triplet state in Li2Pt3B. We 
also find that there exist line nodes in the OWF. These 
findings point towards a new paradigm where exotic su- 
perconductivity arises without electron-electron correla- 
tions. 

Poly-crystal samples of Li2Pt3B were prepared by the 
arc-melting method with starting materials of Li (99.9% 
purity), Pt (99.9%) and B (99.5%). The two-step arc 
melting process 12] was used. For NMR measurements, 
the sample was crushed into powder. Tc at zero and a fi- 
nite magnetic field (H) was determined by measuring the 
ac susceptibility using the in-situ NMR coil. Tc{H = 0) 
is 2.68 K. Hc2 was estimated to be ~1.5 T, which is in 
agreement with the report by Badica et al [l3|. In order 
to minimize the reduction of Tc by H, the measurements 
were done at very low fields of 0.26 T for ^^B and 0.39 
T for Pt. The NMR spectra were obtained by fast 
Fourier transform (FFT) of the spin echo taken at a con- 
stant H. The nuclear spin-lattice relaxation rate, 1/Ti, 
was measured by using a single saturation pulse and by 
fitting the nuclear magnetization to a single exponential 
function since the quadrupole interaction is absent; the 
fitting is excellent. Measurements below 1.4 K were car- 
ried out in a ■^He-^He dilution refrigerator. Efforts were 
made to avoid possible heating by the RF pulse, such as 
using a small-amplitude and low-frequency (low H) RF 
pulse. 
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FIG. 1: (Color online) The temperature evolution of the ^^B 
NMR spectra. The horizontal axis (shift) is measured with 
respect to Larmor frequency (/o). In the lower panel for 
Li2Pt3B, the dotted curve depicts the expected spectrum at 
r=100 mK if the Cooper pairing is in the singlet form (see 
text). 



The most direct probe for spin pairing state is the spin 
susceptibihty Xs via the measurement of the Knight shift. 
If the Cooper pair is in the singlet state, Xs will vanish 
at T << Tc. For triplet pairing, however, Xs will remain 
unchanged across Tc. Figure 1 shows the NMR spectra, 
with those of Li2Pd3B for comparison. Figure 2 shows 
the low-T blow-up of the measured ^^B Knight shift. The 
observed Knight shift (Kobs) is composed of the spin part 
{Kg) and the orbital part (Kort)- Kort is T independent, 
and Ks is proportional to Xs, Kg = AhfXs, where Ahf is 
the hyperfine coupling between the nuclear and electron 
spins. We first recall the data for Li2Pd3B where the 
shift increases below Tc {H—IAQ T) =5.7 K as can 
be seen in Fig. 2. This indicates the decrease of Xs in 
the superconducting state, since Ahf due top-electrons of 
boron is negative [l9|. Thus the spin pairing in Li2Pd3B 
is in the singlet state. The solid curve in Fig. 2 is a fit 
to the BCS theory, which yields Korb=OMb% for "B. 

In contrast, the shift for Li2Pt3B does not change 
across Tc{H^0.26 T)=2.1 K or Tc (H =0.35 T)=1.8 K. 
The dotted curve illustrates the behavior at H—0.26 T if 
the Cooper pair is in the spin-singlet state as in Li2Pd3B. 
As can be seen in Fig. 1 which shows the detailed evo- 
lution of the ^^B NMR spectra with temperature, the 
contrasting behavior in the two materials is evident. In 
Li2Pd3B, the spectrum moves toward high frequency pro- 



gressively below Tc- However, in Li2Pt3B, the spectra at 
T=2.0 K (above Tc) and 0.1 K (below Tc) are almost over- 
lapping with each other. The dotted curve depicts the ex- 
pected spectrum at T=0.1 K assuming spin-singlet pair- 
ing (namely, Ks=-0.013 % vanishes completely), which 
should be shifted by 0.63 kHz. It is obvious that such 
shift change is much larger than the experimental reso- 
lution as can be judged from the upper panel of Fig. 1 
for Li2Pd3B, and should be detectable if it would occur. 

These results indicate that the Cooper pair is in a spin- 
triplet state in Li2Pt3B, since extrinsic cause for the con- 
trasting behavior of the Knight shift can be excluded as 
elaborated below. First, one may worry about the influ- 
ence of the vortices. However, H/Hc2 is 0.17 in LiaPt^B, 
which is much smaller than 0.32 in Li2Pd3B [13|, [l9|. 
Therefore, the contribution from the normal electrons 
in the vortex cores, if any, is much smaller in Li2Pt3B. 
Also, note that the shift at H—0.26 and 0.35 T, and also 
0.39 T (see below) shows the same behavior. Second, 
one cannot ascribe the invariance of Ks to the spin-orbit 
scattering due to impurities. The full width at half max- 
imum of the NMR spectra is about 3 gauss, which can 
be accounted for by dipole-dipole interaction alone, thus 
indicating that the sample is very clean. Estimate from 
the residual resistivity of 25/xri-cm in our polycrystal re- 
veals a conservative mean free path /(r~500 A. On the 
other hand, if the impurity scattering is so strong as to 
give, say, 90% of the normal-state shift K'^ , then the 
spin orbit mean free path Iso would be ~23 A, as can 
be estimated from the formula /K^ = 1 — 21so/t^^o 
[2^ . by using the coherence length ^o=145 A. However, 
this is clearly inconsistent with the criterion of Iso » 
Itr requied for the above formula. Also, strong random 
scattering would destroy the nodes in the gap function, 
which is imcompatible with our finding of clear nodes by 
Ti measurement as described below. 

The insight into the Cooper pair's OWF can be gained 
from the 1/Ti. As is reproduced in Fig. 3, 1/Ti in 
Li2Pd3B is enhanced just below Tc over its normal-state 
value, forming a so-called coherence peak [l3|, which is a 
hallmark of an isotropic superconducting gap [2^ . 

In contrast, l/Ti shows no coherence peak below Tc in 
Li2Pt3B, and decreases as T^ with decreasing tempera- 
ture. This behavior indicates the existence of line nodes 
in the gap function, as has been seen in many heavy 
fermion superconductors 2J, m, liil. The l/Tis in the 
superconducting state is expressed as 



Tin 
T^ 



x/(£;)[l - f{E')]5{E - E')dEdE' 



(1) 



where 1/Tin is the relaxation rate in the normal state, 
Ns{E) is the superconducting density of states (DOS), 
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FIG. 2: (Color online) The "B Knight shift at low temper- 
atures for Li2Pd3B and Li2Pt3B. The curves are calculated 
T-dependence for spin-singlet pairing using the energy gap 
Ao — l.lfcsTc. Korb due to the orbital susceptibility is es- 
timated to be 0.085% (also see the main text). The arrows 
indicate Tc {H=1A6 T) for Li2Pd3B and Tc {H^O.26 T) for 
Li2Pt3B, respectively. 
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f{E) is the Fermi distribution function and C = 1 + 
is the "coherence factor". When the gap function has 
nodes, its average over the Fermi surface is zero and one 
obtains C=l. Also, the DOS at £^ = A is less divergent 
in such case. These two effects eliminate the coherence 
peak. Moreover, if the nodes form a line, the DOS at 
low energy is linear in E, which yields a dependence 
of 1/Ti according to eq.(l). Therefore, the Ti results 
show that the OWF of the Cooper pair has also changed 
drastically from Li2Pd3B to Li2Pt3B. Our conclusions 
are further supported by the ^^^Pt NMR results. In Fig. 
4 are shown the T dependence of l/Ti and the Knight 
shift of i^'^Pt under a magnetic field of i7=0.396 T. l/Ti 
shows a variation below Tc, as in the ^^B nuclear site. 
The Knight shift has a much larger value as expected 
for a transition metal element, and is invariant across Tc- 
The recent measurement of magnetic penetration depth 
that shows T-linear variation in Li2Pt3B is consistent 
with our results 



21| 



A spin-triplet state with anisotropic OWF is realized in 
superfluid "^HeJ^] and also believed to occur in supercon- 
ductors UPta If, Sr2Ru04 6] and (TMTSF)2PF6 In 
these cases, the existence of nodes in the gap function is 
a manifestation of strong electron correlations (Coulomb 
repulsion). However, the unconventional nature of the 
superconducting state of Li2Pt3B cannot be attributed 
to electron correlations. In fact, the electron correlation 
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FIG. 3: (Color online) Temperature dependence of the ^^B 
spin-lattice relaxation rate, l/Ti, in Li2Pd3B and Li2Pt3B. 
The experimental errors are within the circles. The arrows 
indicate the superconducting transition temperature Tc under 
magnetic fields. The curve is a fit to the BCS theory with 
Ao = l.lfcflTc. The straight lines indicate the l/Ti oc T and 
l/Ti (X relations, respectively. 



is as weak as in Li2Pd3B, as can be judged from the 
conservation of Korringa law, namely, \/TiT and Kg are 
T-independent in the normal state (see Fig. 2 and Fig. 
3). Instead, the striking difference in the pairing symme- 
try between Li2Pd3B and Li2Pt3B should be attributed 
to the difference in the SOC strength. 

The SOC is described by the Hamiltonian, Hso = 
^ T[Vy(r) X k](j , where k and a are the electron 



momentum and Pauli spin operator, respectively, and 
Vy(r) is the electrical field. The broken inversion sym- 
metry increases VV{r). The magnitude of the SOC de- 
pends on the number of positive charges {Z) that com- 
prise the nucleus. As a good approximation, it goes in 
proportion to , which is about 3 times larger for Pt 
than Pd. The SOC lifts the two-fold spin degeneracy 
of the electron bands, violating the parity conservation. 
As a result, the sgin-singlet and spin-triplet states are 
mixed d, [13, HI- The extent to which the triplet- 
state component is mixed depends on the strength of 
SOC [SHE El. Our results show that Li2Pt3B is an 



extreme case in which the strong SOC makes the triplet 
state dominant. They explain some puzzles such as the 
lower Tc in Li2Pt3B in spite of higher DOS than Li2Pd3B 
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FIG. 4: The T dependence of l/Ti and the Knight shift for 
i^'^Pt in LiaPtsB. 



(Ref. [27||); generally a spin triplet state results in a lower 
Tc for a system with otherwise same parameters [28| . 

Finally, we note that a determination of the node posi- 
tions in the gap function is an important issue to be set- 
tled in future works. A p-wave model A(6') — Aocos{9), 
with horizontal line- nodes, will fit perfectly our 1/Ti 
data: a fitting parameter of Aq ~ 2.5kBTc gives a T^- 
dependent 1/Ti in the whole temperature range below Tc 
for such model [2^. On the other hand, the model pro- 
posed by Yuan et al may also be able to explain the 
variation of l/Ti, but seems difficult to account for 
the lack of the coherence peak found here, since the mo- 
mentum (fc)-dependent term in the coherence 
factor will not cancel in such model where A{k) does not 
change sign over the Fermi surface [29|. We hope that 
our results will stimulate more theoretical works in this 
regard. 

In conclusion, through extensive NMR measurements, 
we have found that in non-centrosymmetric Li2Pt3B the 
Cooper pair is in the spin-triplet state and there exist line 
nodes in the gap function. The realization of such ex- 
otic superconducting state is surprising, given that there 
are no electron correlations in the material. The strik- 



ing difference from the isostructural Li2Pd3B, which is a 
conventional superconductor, arises from the much larger 
spin-orbit coupling in Li2Pt3B. Our finding shows that 
Li2Pt3B is a spin-triplet superconductor with the high- 
est Tc to date which will provide better opportunities for 
studying novel superconductivity. We emphasize that 
non-centrosymmetric superconductors are still rare, and 
Li2(Pd,Pt)3B is an ideal prototypical system for studying 
the effects of crystal inversion-symmetry breaking. 
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